Using erratics associated with large flood events, this paper assesses whether their viscous remanent magnetisation (VRM) can be used to date the flood events. We tested this method using flood erratics from three large events: (1) the Late Pleistocene Bonneville mega-flood in Idaho, USA, (∼14-18 ka), (2) the 1918 A.D. Mt. Katla, Iceland, eruption and associated jökulhaup (meltwater flood) at Mýrdalssandur, and (3) the Markarfljót jökulhaup due to an earlier eruption of Mt. Katla (∼2.5 ka). We measured 236 specimens, 66 of which yielded clear identifiable and measurable viscous magnetisation signals from erratics with clustered VRM directions. From the VRM unblocking temperatures, age estimates were made. The age estimate for the most recent event (Mýrdalssandur) worked well, with a median estimated age of 80 years (with individual erratic estimates distributed between 61-105 years) compared to the known age of 91 years. The ages of the other two events were over-estimated. The estimates for Markarfljót [15 ka (7-33 ka)] were based on the results of just one erratic. For the Bonneville flood the estimates were too old, however, this locality had the largest uncertainty in the ambient temperature used in the age determination; the VRM acquired is strongly dependent on the ambient temperature, the older the event the greater the uncertainty. Southern Idaho currently has hot summers, with average summer maximum temperatures of ∼31 • C, but a mean annual temperature of only ∼ 9 • C. It is suggested that the VRM dating method works best for recent events (<2-3 ka) where the ambient temperature history can be constrained.
INTRODUCTION
If a magnetic-mineral bearing rock is moved or re-oriented, the magnetisation of the smaller magnetic grains slowly re-aligns to the direction of the ambient magnetic field direction due to thermal fluctuations. This secondary magnetisation is termed viscous remanent magnetisation (VRM), and is logarithmically time dependent (Dunlop, 1973 (Dunlop, , 1983 . This time-dependency of the intensity of the VRM, has been applied successfully to the dating of archeological events (e.g., Heller and Markert, 1973; Borradaile, 1996 Borradaile, , 2003 Borradaile et al., 1999) , however, this same method has not been used in widely in geological studies (i.e., Borradaile, 1998; Sato et al., 2014) .
The VRM dating method can be used to date any geological event that results in a significant and sudden movement/rotation of a rock, with no significant subsequent movement. One such scenario are large erratics moved during a flood, i.e., if the VRM acquired by flood erratics can be isolated it is possible to date the flood event (Figure 1) . Another is rock-slides and cliff slumps, e.g., Borradaile (1998) used VRM dating to examine cliff-slumps on the east coast of England. The advantage of this approach over other potential methods is that the VRM is an intrinsic property of the rock and is not dependent on features like snow coverage, e.g., annual exposure rates for cosmogenic dating, nor it is dependent on the presence of any other material, e.g., organic material in the case of radiocarbon dating. This paper presents a preliminary investigation into the use of VRM dating to determine the age of geologic events. We tested this method on two independently dated floods: (1) the Late Pleistocene Bonneville mega-flood in Idaho, USA, (∼14-18 ka), and (2) the 1918 AD Mt. Katla, in South-West Iceland, eruption and associated jökulhaup (meltwater flood) at Mýrdalssandur. We also applied this method to another Mt. Katla jökulhaup; the poorly constrained Markarfljót flood.
THEORY OF VRM DATING
The magnetisation in very small magnetic particles is uniform, and such particles are termed single-domain (SD), as the grains become larger in size the magnetisation splits up into regions of uniformity (domains) divided by very thin domain walls. These particles are termed multidomain (MD). The threshold size between SD and MD magnetic structures depends on mineralogy, grain shape etc. (Muxworthy and Williams, 2006a) ; however, for magnetite the threshold size is of the order 100 nm. Generally speaking, small SD grains contribute significantly to VRM, whereas MD grains do not (Williams and Muxworthy, 2006) .
FIGURE 1 | A schematic of VRM acquisition. (A)
Before the flood, the bedrock records an original remanence, e.g., a thermoremanence for a basaltic lava, aligned with an ancient magnetic field direction (this could be reversed as depicted). During the flood the bedrock is eroded from canyon walls and boulders are transported downstream. (B) Post-flood erratics deposited on the flood plain remain in situ and acquire a younger VRM parallel to the Earth's magnetic field; the original magnetisation vectors are left randomly orientated.
The theory of VRM dating is based on the thermoviscous model of Néel (1949) for magnetically ideal SD particles with uniaxial anisotropy. For an individual particle the relaxation of its magnetic moment over a given energy barrier E:
where τ is the characteristic time for thermal activation, τ −1 0 is the atomic attempt frequency, k B Boltzmann's constant and T the absolute temperature. For ideal SD particles in small external magnetic fields, like those of the Earth, whose magnetic anisotropy is controlled by a shape anisotropy, E is given by μ 0 NM S (T) 2 v/2, where v the volume of the particle, μ 0 the permeability of free space, M S (T) the temperature dependent spontaneous magnetization and N the shape demagnetizing factor (Nagata, 1961) .
The characteristic relaxation time τ is effectively the duration, t, of the time-frame of interest, e.g., will barriers be overcome on geological timescales or the duration of a laboratory experiment etc. Using this definition of τ, it is possible to rearrange Equation (1) to define the blocking volume (v b ), which is the critical volume of a crystal that has an equal probability of remaining fixed (blocked) for a given time t:
Thus, the critical blocking volume is a function of both temperature and time, i.e., a particle can become blocked at different combinations of time and temperature. For SD grains, for a geological VRM acquired in a time t A and temperature T A , then for a particular grain volume we can remove this VRM in a laboratory time t L and temperature T L using the following relationship (Pullaiah et al., 1975) :
For dating purposes, time t A is the VRM age, i.e., the event age to be estimated. Re-arranging Equation (3) to solve for t A and using the standard relationship; M S (T) ∝ (1-T/T C ) 1/2 (Jiles, 1991) , where T C is the Curie temperature of a given mineral, gives:
In Equation (4) the parameters t L , T L and T C can be measured in the laboratory, τ 0 is of the order 10 −9 s (Moskowitz et al., 1997) and T A can be estimated, allowing for t A to be determined. Some investigations of VRM (e.g., Kent, 1985; Smith and Verosub, 1994) have also assessed the VRM theory of Walton (1980) and Middleton and Schmidt (1982) , which attempts to modify Equation (4) slightly to account for the effect of grainsize distributions. It is has been found that this model appears to work better than Equation (4) for long timescales, i.e, >>1 Myrs, but for shorter timescales, i.e., thousands of years, Equation (4) appears to be more applicable (Smith and Verosub, 1994) .
VRM dating has been applied, albeit infrequently, to archeological investigations to yield construction ages (Heller and Markert, 1973; Borradaile and Almqvist, 2006) , although not always through the direct application of Equation (4) due to the potential sources of uncertainty in this equation. For example, when determining the building dates of Roman and Medieval structures Borradaile and colleagues (Borradaile, 1996; Borradaile and Brann, 1997; Borradaile et al., 1999; Maher et al., 2000; Borradaile and Almqvist, 2006) constructed calibration curves from age-constrained buildings of the same material, allowing the relative age estimation of previously undated masonry. In this study, we consider geological events and thus such constrained calibrations are infeasible. Instead, we apply Equation (4) directly to the determination of VRM age, thereby estimating absolute, independent ages. There have been only two previous VRM-dating studies of geological processes (Borradaile, 1998; Sato et al., 2014) .
GEOLOGICAL SAMPLING
Ten millimeter core samples were collected using an electric drill during fieldtrips to the USA and Iceland in the summer of 2009.
THE LAKE BONNEVILLE FLOOD
The Bonneville flood is one of the largest known geological flood events (Jarrett and Malde, 1987) . It occurred when Lake Bonneville, in what is now Utah, USA, breached causing a catastrophic flood. The flood event was first identified (Malde, 1968) by the scabland topography and spectacular erosional and depositional geomorphic features in the Snake River Plain and the Snake River canyon further downstream. Discharge predictions yield flood durations of several weeks up to ∼1 year for its 1110 km flow length (Jarrett and Malde, 1987) ; effectively a geologically instantaneous event. Large basaltic erratics derived from localized outcrops are littered along the Snake River canyon. Many of these erratics are several cubic meters in size, and are unlikely to have been significantly eroded or moved since they were deposited (Malde, 1968) .
Using radiocarbon, U-series and aminostratigraphy dating, Oviatt et al. (1992 Oviatt et al. ( , 1994 predicted ages between 15 and 14.5 kyr for the flood event. These studies provide the most comprehensive and best age estimate. A later palaeomagnetic investigation by Liddicoat and Coe (1997) used palaeosecular variation measurements to estimate the transgressive period of Lake Bonneville as ∼18 kyr with a span of 1000-3000 years, therefore inferring ages up to the flood event.
Three-hundred orientated cores from 45 different erratics were collected ( Table 1) . At locality one (B samples) erratics were ∼1 m 3 in size and at locality two (H samples) 1-3 m 3 .
KATLA JÖKULHLAUPS
Iceland's second most active volcano, sub-glacial Katla, erupts frequently releasing catastrophic meltwater floods (jökulhlaups) (Duller et al., 2008) . The caldera can be divided into three drainage sectors: Ko, So and En, that drain onto Mýrdalssandur, Sólheimasandur and Markarfljót plains (Eliasson et al., 2006) . Historical records show most floods have followed along route Ko, a few have followed the So route, whereas there are only geological records of jökulhlaups from the En sector (Eliasson et al., 2006) . Recurrence times are estimated as ∼58 years for Ko-type jökulhlaups and 500-800 years for En-type (Smith et al., 2002) .
Orientated cores (137) from 12 basaltic erratics (size range was 0.5-1 m 3 ) associated with the jökulhlaup on the 12th of October 1918 were collected from the Mýrdalssandur flood plain. This was the last large Ko route jökulhlaup. On the same fieldtrip, oriented cores from three basaltic erratics (size range was ∼2 m 3 ) associated with an En sector flood that formed the Markarfljót canyon were collected. Estimates for the age of the Markarfljót event suggest that its age is ∼2500 years (Tómmason, 2002) , however, this estimate is poorly constrained (pers. comm. Kate Smith).
EXPERIMENTAL METHODS
To avoid magnetic contamination, on collecting and orienting the samples in the field, the 10 mm cores were immediately placed in mu-metal boxes for transportation back to the Palaeomagnetic Laboratory at Imperial College London. The cores were cut and temporarily stored in a dynamic Helmholtz cage with a magnetic field <100 nT. All the measurements were conducted within 8 months of collection.
To determine the age of a VRM, it is necessary to measure t L , T L , and T C (Equation 4). On heating the sample, the temperature at which the VRM demagnetizes (unblocks) is T L . T L was determined by continuous thermal demagnetisation with an Orion three-component low-field (<100 nT) vibrating sample magnetometer (VSM). Most samples were continually thermally demagnetised up to 250 • C; this took approximately 10 min per sample. A small number of randomly selected samples were heated to 650 • C. During these heating experiments t L was measured to be 2.5 ± 0.2 s. To estimate the Curie temperature (T C ) of the remanence carrying minerals, the samples were initially demagnetised using an alternating field (AF) to erase the effect of remanence, and a low-field DC (0.5 mT) susceptibility measured as a function of temperature.
To better characterize the VRM acquisition recording process and dating fidelity of the samples, two further experiments were conducted: First, magnetic hysteresis parameters of nine unheated samples were measured using a high-field vibrating sample magnetometer. The parameters H C (coercive force), H CR (remanent coercive force), M RS (saturation remanence) and M S (saturation magnetisation) were determined and plotted on a domain state "Day" plot (Day et al., 1977) . Second, we measured directly the viscosity acquisition response of 13 samples, by first AF demagnetising the samples, followed by measurement of VRM acquisition in a field of 100 A/m (∼126 μT) for 10 min.
RESULTS

THERMAL DEMAGNETISATION OF NRM
To determine the critical unblocking temperature T L (Equation 4), the thermal demagnetisation data were plotted on orthogonal projection plots, and inflection points identified (Figure 2) . Generally, most samples contained only two components: the characteristic remanent magnetisation (ChRM) and a secondary component associated with VRM (Figure 2) . As all the samples were basaltic lavas, ChRM was very likely to be a thermoremanent magnetisation in origin. Where the inflection points could not be clearly identified, because either the VRM and the ChRM were closely aligned or the VRM was poorly defined, the data were rejected. For example, Bonneville sample BQ5 has a sharp inflection providing a discrete, accurate T L selection with minimal error, while Mýrdalssandur sample YJ3 had a less distinct inflection point increasing uncertainty in T L selection (Figure 2) . Bonneville sample H39 ( Figure 2C) is an example where no clear VRM was identified; such samples were not used for age estimation. If the inflection covered a range of temperatures, probably reflecting the grain-size distribution, the higher temperature was designated as T L (Figure 2A) .
In total 236 specimens from 34 erratics were analyzed. Nine of the erratics showed no evidence for a VRM. After removing unquantifiable cases, only 117 estimates were made. Generally, the T L estimates for the Bonneville samples were between ∼150-210 • C, from Mýrdalssandur ∼ 60-130 • C, and ∼90-120 • C for Markarfljót (Supplementary Material Table S1 ).
To confirm that the VRM had been correctly identified, the direction of the VRM was constrained using principal component analysis (Kirschvink, 1980) . Individual VRM vectors for each erratic were plotted onto stereographic projections and the mean direction determined (Figure 3) . The VRM should be approximately aligned with the current day magnetic field direction, or at least in the northern hemisphere. There will be some scatter in the VRM directions for two reasons: (1) the VRM signal is normally a minor secondary component and is subject to noise, and (2) secular variation of the geomagnetic field, means that the VRM is recording a direction that is changing significantly on the timescales of interest for the Bonneville and Markarfljót flood events. Older VRMs will be more affected by secular variation effects.
Some erratics, e.g., YJ and HB have clustered VRM directions (Figure 3) , with north orientated components. Some erratics have poorly clustered VRM directions, or the mean direction was not in the correct hemisphere. The data from such erratics were rejected from further analysis. After directional analysis, a further 51 specimens were rejected, leaving 66 specimens for dating analysis (Section Age Estimations): 29 specimens (six erratics) from Bonneville, 28 specimens (four erratics) from Mýrdalssandur, and nine specimens from one erratic from Markarfljót (Supplementary Material Table S1 ).
HIGH-TEMPERATURE THERMOMAGNETIC ANALYSIS
Curie temperatures (technically maximum unblocking temperatures) were determined using the double derivative method of Tauxe (1998) (Table 1) . Most, but not all, heating curves (Figure 4) for the Bonneville specimens had a single hightemperature T C , e.g., HA3, whereas the Icelandic samples, e.g., YK3 and YJ4, displayed a gradual decay in their thermomagnetic curves, suggesting a broad range of unblocking spectra and mineralogies, making it difficult to accurately constrain T C . As a general rule the Icelandic specimens had lower Curie temperatures (≤500 • C) than Bonneville specimens (≤500 • C) (Supplementary Material Table S1 ).
MAGNETIC HYSTERESIS
The magnetic hysteresis data is summarized on a "Day" plot in Figure 5 . Most specimens plot within the pseudo-single-domain (PSD) grain region, with one sample plotting slightly to the left. There is no distinct grouping between samples that were accepted for dating analysis in Section Thermal Demagnetisation of NRM, and those that were rejected.
VISCOSITY MEASUREMENTS
The rate of acquisition of viscous magnetisation, i.e., the viscosity acquisition parameter S A was determined and quantified using the first-order approximation (Street and Woolley, 1949) :
where M is the magnetisation. Generally the samples displayed a logarithmic dependency (Figure 6 ) over the measurement time (∼10 min) in agreement with previous studies (Muxworthy and Williams, 2006b) . The samples displayed a range of estimates for Figure 6 for sample H3.
Representative fresh samples from each erratic were used. "B" and "H" erratics are from Bonneville, "M" erratics from Markarfljót and "Y" erratics from
Mýrdalssandur.
S A , as quantified in Table 1 . Generally, samples that were accepted for VRM dating ( 
DISCUSSION
After analysis of the NRM data, 66 specimens out of 236 were deemed to be suitable for reliable estimates of T L , having clear inflection points and "well-behaved" VRM directions (Figures 2, 3 and Supplementary Material Table S1 ).
AGE ESTIMATIONS
To make age estimations we apply Equation (4). All the parameters in Equation (4) Table S1 ). It is immediately clear that the distribution of age estimates is not normally distributed; therefore we take the median to determine three representative VRM ages. Although there are several sources of error in the parameter estimates (see Section Uncertainties in input parameters for further analysis), to investigate the sensitivity of t A on T A , we plot t A as function of T A for median ages from Bonneville, Mýrdalssandur and Markarfljót (Figure 7) . We have plotted two curves: (1) a mean annual temperature curve (24 h for 365 days), and (2) a mean summer maximum temperature curve. In the later calculation it is assumed that most of the VRM is acquired mostly at higher temperatures, and t A is determined using VRM acquisition of only 6 h per day for 60 days of summer. To estimate the error on t A we use a ± 1.0 • C temperature window for the recent Mýrdalssandur flood, and for the older Bonneville and Markarfljót floods a ± 2.0 • C window ( Table 2 ). The ± 2.0 • C window is a little arbitrary and should be seen as a guide rather than absolute measure of the error.
The age estimate (80 years) for the median Mýrdalssandur erratic is within 11 years of the known age of 91 years, and ± 1 • C uncertainty in the mean annual temperature yields a range estimate of 61-105 years. The median estimate for the Markarfljót flood (∼15 ka) is older than the published value (∼2500 years, Tómmason, 2002) , however, this is poorly constrained and is very likely younger or concurrent with the Younger Dryas, i.e., ≤12 ka. The Bonneville flood estimate (∼3.2 Ma) for the mean annual temperature is very old, however, the summer maximum temperature estimate is close to the expected value.
POSSIBLE REASONS FOR FAILURE
Potential errors in the age calculations can arise from a number of sources: (1) theoretical assumptions about the intrinsic magnetic properties of a specimen, (2) uncertainties in the input parameters into Equation (4), in particular in the ambient temperature T A and τ 0 , (3) variations in the geomagnetic field, and (4) sample handling. There was no obvious correlation between the time from collection to measurement, and rejection.
Domain state, mineralogy and viscous acquisition
The VRM dating method is based on the assumption that the magnetic remanence is carried by assemblages of non-interacting SD particles, dominated by uniaxial anisotropy imparted with a (1) a annual mean temperature curve (24 h for 365 days), and (2) a mean summer maximum temperature curve. In the latter calculation it is assumed that the VRM is acquired mostly at higher temperatures, and t A is determined using VRM acquisition of only 6 h per day for 60 days a year. To estimate the ages we use annual mean and mean summer maximum temperatures of: (A) 5.5 and 13.5 • C, (B) 3.5 and 11.5 • C, and (C) 9 and 31 • C. To estimate the error on t A we use a ± 1.0 • C temperature window for the recent Mýrdalssandur flood, and for the older Bonneville and Markarfljót floods a ± 2.0 • C window.
thermoremanence. The samples in this study display hysteresis properties typical for basalt, i.e., distributions of PSD particles (Figure 4) . There is no real trend between the specimens accepted or rejected for VRM determination, based on their hysteresis properties; perhaps, the accepted specimens are slightly more SD-like? However, hysteresis is an in-field measurement allowing for large MD particles, which are not thought to contribute significantly to VRM acquisition (Dunlop, 1983) , to dominate, i.e., the SD particles, which contribute most to the VRM signal, might be masked. If MD particles are more abundant, then it might be expected that given the difference between blocking and unblocking temperatures for MD particles, that the MD contribution to VRM might lead to an overestimate for t L .No such relationship was noticed in this study; however, this feature is likely to be quite subtle and easily dominated by other effects.
The viscosity acquisition parameter S A (Equation 5) of the accepted erratics was roughly half that of the rejected erratics ( Table 1) . While the variation may be due to variation in magnetic mineral concentration, it suggests that erratics that are more efficient at acquiring a VRM component are less reliable. This initially seems counter intuitive; however, it may be because grains with high S A values are more susceptible to short term paleosecular variation and are likely to acquire a contamination VRM signal subsequent to collection.
The theory used to determine the VRM date (Equation 4) is based on a magnetic thermal activation model. There are also The annual age calculation is based on the mean annual temperature, whereas the mean summer calculation assumes that the VRM is only acquired in the summer at peak, daytime temperatures. a Range calculated using a ± 1 • C window.
b Range calculated using a ± 2 • C window. non-magnetic effects, which can alter the magnetisation, e.g., disaccommodation (Moskowitz, 1985; Muxworthy and Williams, 2006b) , which can lead to VRM acquisition behavior that is not explained by Equation (4) (Lowrie and Kent, 1978; Tivey and Johnson, 1984) ; it will likely lead to an overestimate of t A . Such processes would be expected to have greater effects on older VRMs.
Ideally samples should be chosen which show no evidence of chemical alteration (oxidation); then the signal associated with the VRM should be thermal in origin.
Uncertainties in input parameters
The age estimate t A is sensitive to uncertainties in the input parameters in Equation (4), and is most likely the cause of the data scatter (Supplementary Material, Table S1 ). To assess these uncertainties we examine the partial derivatives of the five variables in Equation (4) in Table 3 . It is clear that the biggest uncertainty comes from the uncertainty in τ 0 , with uncertainties in T A and T L roughly equally important, whilst the uncertainties in the measured parameters T C and t L are less significant. For the Mýrdalssandur flood event, T A is relatively well constrained from meteorological data from a nearby weather station; the calculation in Table 3 uses an error of 5 K, but it is likely much smaller than this, i.e., ∼1-2 K. For the other two events, which are significantly older, we have made estimates for T A based on recent temperature records; clearly, age estimates for older events will have greater uncertainties in T A ; 5 K is possibly an underestimate of the error in the mean temperature. The age estimates based on mean annual temperatures are clearly too old for Bonneville, and slightly too old for Markarfljót ( Table 2) . Because Equation (4) is very sensitive to temperature, i.e., a few hours at a higher temperature has a greater effect than many hours at a lower temperature, we have also calculated t A based on mean summer maximum temperatures. For Markarfljót, the age estimate is similar to that for the mean annual temperature; for Bonneville the age estimate from the average summer maximum temperature is much lower and within the expected range. This Table 3 | Estimation of the effect of errors/approximations for the parameters in Equation (4) on Equation (4) through analysis of partial derivatives.
Parameter Partial derivatives
Maximum expected variation Mýrdalssandur (years) Markarfljót (kyrs) Bonneville (kyrs)
The maximum expected variation values should be seen as guides in the error analysis.
www.frontiersin.org January 2015 | Volume 3 | Article 1 | 7 difference in behavior is most likely due to the very large variation in mean temperatures in mid-latitude continental regions, in contrast, in maritime regions the temperature variation is significantly less, i.e., there is less variation and uncertainty in T A . The temperatures used in the estimation of t A are air temperatures; rock surfaces exposed to the sun can reach much higher temperatures, i.e., the temperatures used in this study might be too low or too high depending on average exposure to sunlight. The error in T L , may not have been as large as quoted in Table 3 , and depends on the shape of the inflection in the orthogonal projection plots (Figure 2) : Care should be taken in identifying T L .
Variations in the VRM directions
Several erratics had low-temperature magnetisations components that were south seeking; erratics displaying such behavior were not used in the age estimations. There are two possible causes of this behavior: (1) A remanence other than a VRM associated with the flood event had been measured, i.e., the VRM signal had been contaminated since collection (to reduce this effect the samples were placed directly in mu-metal boxes in the field). (2) The erratic had moved since the flood event, however, this must have happened relatively recently for the associated flood-event VRM not to be overprinted by a new north-seeking VRM direction. For erratics with mixed north-and south-seeking directions, the first scenario is more likely, and for erratics with only south seeking VRM directions, the second mechanism is more likely. Secular variation of the geomagnetic field will cause a variation in the inclination and declination that the VRM records, however, the variation is not large enough to cause a VRM to become south-seeking. It should also be noted that the directions of some VRM were poorly constrained, as the some VRMs demagnetisation data, e.g., Figure 2 , were essentially curves rather than a straight line, making it difficult to determine an accurate VRM direction.
COMPARISONS WITH PREVIOUS STUDIES
Both previous VRM-dating studies of geological processes (Borradaile, 1998; Sato et al., 2014) , relied on step-wise thermal demagnetisation rather than continuous thermal demagnetization as used in this study; this means that: (1) the temperature step sizes were larger purely for practical reasons, and (2) the heating rates are not identical, i.e., static versus continuous heating. Borradaile (1998) used a calibrated system based on archeological masonary to date rock slumps <1000 years in age; he primarily used the protocol to put events into chronological sequence. Sato et al. (2014) examined two large paleotsunami erratics. They used the same equation as us to determine the age of erratics, i.e., Equation (4). However, they did not conduct detailed error analysis, and essentially only used the VRM-dating technique to put events in chronological sequence.
On comparison, in this study we have conducted a significantly more extensive study by sampling many erratics, we have employed a more detailed temperature analysis of VRM demagnetisation through continuous demagnetisation and have conducted more rigorous error analysis. We believe that this study is a significant advancement on previous studies.
We also considered the VRM theory of Walton (1980) and Middleton and Schmidt (1982) , which requires the same input data as Equation (4), though it is slightly modified. When we applied this approach to our data, all the ages for the erratics were less than a year. We therefore believe that Equation (4) is more appropriate.
FUTURE IMPROVEMENTS
This work is a preliminary study. We suggest a number of improvements for future studies:
• To better constrain T A , collect cores from rock surfaces that are predominately in shadow or partially buried.
• Measure thermomagnetic curves for all the specimens or at one least per erratic, and use these thermomagnetic curves as input in the estimation calculation rather than using single Curie temperature estimations for each erratic.
• Determine τ 0 for a range of specimens, and assess whether it is necessary to determine τ 0 for each specimen/erratic.
• Determine the optimal heating rate for t L .
• To reduce VRM decay rate and remove acquisition of new VRMs in the laboratory, store samples in mu-metal boxes in a refrigerator.
• Use of more detailed climate records for older events.
CONCLUSIONS
We have tested a VRM dating method on erratics associated with three flood events: (1) Mýrdalssandur (1918 AD), Markarfljót (∼5 ka) and Bonneville (14-18 ka). We measured 236 specimens from 34 erratics, and based on various selection criteria only 66 were used in the final calculations (Supplementary Material  Table S1 ). In summary the dating method is partially successful; inconsistency in age estimates increases dramatically for the older flood events. The results for the most recent event, worked reasonably well with an estimated age of 80 years (61-105 years) compared to the expected answer of 91 years. The ages of the other two events were over-estimated ( Table 2) . The estimates for Markarfljót were based on the results of just one erratic, whilst the uncertainty in the ambient temperature used in the age determination (Equation 4) was very large for Bonneville. From this it is concluded that the technique will work best for erratics associated with recent events, i.e., <2-3 ka, in locations that have constrained temperature histories. To further improve estimates, estimating τ 0 on a specimen/erratic/material level may be necessary.
Cosmogenic exposure analysis, arguably the most important technique for dating erratics (Phillips et al., 2006) is also dependent on rock type, variations in exposure, and changes in the geomagnetic field. 36 Cl dating can measure surface exposure time of young volcanic rocks and geomorphic features in the age range of 10 3 -10 6 years (Phillips et al., 1986) . Estimates for the youngest Mýrdalssandur flood on the scale of 10 2 years proved successful and therefore the VRM technique may be a more appropriate tool for dating recent erratics than cosmogenic dating.
